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DIRECT REACTION STUDIES WITH A POLARIZED TRITON BEAM
E. R. Flynn
Los Alamos Scientific Laboratory, University of Caiifornia,
Los Alamos, New Mexico 87545

Abstract

A variety of direct nuclear reaction expeéiments have been made utilizing
a polarized triton bean. Of particular interest has been the use in nuclear
spectroscopy of the (t,®) and (t,d) reactions for the measurement of nuclear
spins and strength factors. In addition, these reactions as well as the (t,p)
and (t,t') reactions have been used to examine the role of multi-step proc-
esse3 in direct reactions. The analyzing power measurements appear particu-
larly sensitive to such complex mechanisms and may be used to investigate the

. details of nuclear configurations of the various channels.

1. JIntroduction

The use of polarized beams as a specfroscopic tool 1is well established
with numerous laboratories now possessing exceilent polarized source facili-
ties. Reactions such as (E,p), (B,d), and (ﬁ,t) have been used extensively to
establish nuclear spins through a combination of differential cross section

1)

and analyzing power measurements ‘. Inelastic scatteriﬁg of protons and deu-
terons have also been used to investigate reaction mechanism deta1132). In
recent works, the use of polarized beams has been applied to more sophisti-
cated studies such as the role of multi-step processes in the (p,t) reac-
tton3). All of these pregrams have shown that the additional measurement of
the analyzing power based on a spin up-ép;n down difference adds considerably
to the nuclear information obtained. !

The triton has proven to be a very useful light ion for nuclear reaction
studies in addition to those discussed above. These are summarized in Fig. 1.
Extensive work with the (t,a), (t,d), (t,p), (t,BHe) and (t,t') reactions have
shown the versatility of the projectile in the field of direct nuclear reac-
tions. The triton carries spin 1/2 and isospin 1/2 with both neutrons occupy-
ing the 1s orbits. Its composite structure makes it a strongly absorbed par-
ticle which offers advantages in DWBA comparison for many reactions. In par-

ticular, the (t,d) and (t,t') are well fit by such calculations offering

1



accurate spectroscopic fac-
tors and angular momentun
transfer information. The

(t,p) reaction is also well
TRITON PROFERTIES .

fit by these techniques and
Ceneral

represents the simplest of
fsospin 1/2 (same as ncutron)

harge o : .
:u;ﬁglyn:bsorbod the two neutron stripping
wveakly bound :
muu—Zn pair in s-orbital reactions. The (t ’G) reac-

Reactions: tion has several advantages
(t.d) Principally surface so well fit by DWBA .
Higher t-transfer emphasized . as a proton pickup reaction
. High Q-value (+]0-12 Mo .
(t:) Co:d ?'nctll‘on(far proto:)pictup on all A at tandem energies principally in the high Q-
Poorly fit by IWBA due to mopentL~ mismatch
Poor g-transfer information value (v 12 MeV) and the
t,t') Strong sbsorption reaction, isospin and spin of neutron.
(.t My bs :omp:gcd to (e, X1') for isospin dependences in reaction high angular momenta
Ct.p) [1deal two 1-utron stripping reaction ior pairing studies, etc. excited. The former qual-
(t,Ne) Most straightforward isospin increasing charge exchange reaction ity makes this reaction

Used to study parents of giant resonances and noutron-rich nuclel

useful at typical Van de
Graaff energies throughout
Figure 1. Summary of Triton propertieé and the periodic table, whereas
differential cross section the competing reaction,
(d,BHe), requires rela-
tively high bombarding ener-
gles. 1Isospin properties of nuclear states may be investigated by comparisons
of (t,t') and (3He,3He') and by the charge exchange reaétion, (t,3He). The
latter has Lteen used successfully to study the charge exchange mode of the
glant M 1 modeu).
From the above arguments regarding the usefulness of polarized beams and
a triton beam, it is clear that a polarized triton beam can combine the advan.-
tages of the properties of both techniques. The development of a polarized
triton beam at Los AlamosS)
reaction studies with the polarized triton beam have been 1) (t,a) studies of
Pb and Zr nucleié) and a survey of rare earth nuclei7), 2) (Z,p) reactions on
spherical nucleie) 9), a study of the Ni isotopes 10) and
11?, 3) a (t“d) reac-
s, 4) a (t,t') reaction on ,these same targets13) and
5) a study of super-multiplet symmetry in the mass six system through the
9Be(t,6ﬂe) GLi reaction‘"). The present article discusses the significant
aspects of these various reactions.

now permits such an experimental program. Initial

, to unnatural states

& search for interference phenomena in the Pd-Te region

tion on 58’6uN1 targets‘z)
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The polarized triton source developed by Hardekopf et al.s’ was used for
the present studies. Beam currents averaging 75 nA and 0.75 polarization and

with a spatial definition of 0.75 x 3 mm were used on targets for a Q3D spec-

trometer15). ‘@ spectrometer was operated at a solid angle of 14.3 msr and
the reactior ucts were particle identified and spatially localized in a
helically wout +hode proportional chamber on the focal plane16). The exper-

imental resolut..n was generally determined by the target thickness which was
usually chosen as a compromise between counting rate and optimal resolution.
The thinnest: targets produced 10 keV with aore typical results being 15 -~ 18
keV.

An on-line computer controlled the complete measurement sequence at any
given spectrometer zngle. The computer measured the polarizaticn of the bean
and 1its direction then changed the direction after the initial run, again
determining the polarization. Asymmetries were calculated automatically after
this sequence using gates set on all interesting peaks in the initial run.
Cross sections have been measured to a fraction of a ub using these techniques
with running times less than one hour,

III. The (t.0) Reaction -

The first (t,a) reactions were carried out on spherical nuclei with well
established low lying single particle states. These, then, served as tem-
plates for establishing the spins of other 1levels higher in excitation or in
nearby nuclei where previous experimental evidence was inadequate to give the
.total angular momentum. These cases also provide a comparison of DWBA pre-
dicted analyzing powers to the measured results. This comparison is quite
useful in establishing the necessary optical model parameters for obtaining
spins of nuclear states of different Q-value and masses from the original

208 °)207 d 90

templates.

Results of the Pb(?, Tl an Zr(g,o)89¥ analyzing power studies
are shown in Figs. 2 and 3 where they are compared to DWBA calculations6). In
general, the fits are quite reasonable (the gg/z'state of 89Y is poorly fit)
and a clear spin differentiation is noted. The analyzing powers are large ana
reasonably structured indicating the (t,c) reaction has excellent properties
for total angular momentum measurements. As is seen above, the lead results

may be extended over a large range of A with only small changes in shape.
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Figure 2. Analyzing powers and dif- Figure 3. Analyzing powers for the
ferential cross sections for the 902r(§,a) 89Y reaction. The solid
2oan(E,n)zmTl reaction to single lines are DW calculations.
hole states. The solid lines are DW
calculations.

This feature is exploited below in a study of the rare earth and actinide
nuclei.

Extensive measurements covering 14 targets have been completed in the
7,17) 150Sm up to 19205. Many of

the neutron rich targets lead to completely new level schemes for the residual

rare earth region with targets ranging from

nuclei because of the difficulty of using other proton pickup reactions as
mentioned above. Typical among these nuclei for which extensive new results

have been obtained are 153Pm, 157'159Eu, 167’169Ho and 189,191

Re. The large A
rare earth nuclei may borrow most heavily from the lead template structure
with these same orbitals predominating here except for certain Nilsson
orbitals which drop rapdily such as the 9/2°.

At the lighter end of the rare earth region additional spins are noted.

15“Sm(g}n) spectrum is noted in Fig. U4 where the large

An example of the
analyzing powers are immediately obvious in a comparison of the spin up and

down spectra. Analyzing power and differential cross sections for the
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Figure 4. Spectrum of the Sm(t,a) Figure 5. Analyzing powers and dif-
153Pm reaction. Both spin configura- ferential cross sections for the
. y e
tions are shown. 15 Sm(t,u)153Pm reaction leading to

the 5/2 [532) band. The solid 1lines
are DW calculations.

5/27[523] band are shown in Fig. 5. The band originates in the h,, ., orbital
with the single particle strength for the 5/2 and 7/2 states coming up from
the shell below. These latter states are poorly fit by DW calculations for
the cross section but well fit for A§° It is unclear if this is a coupléd
channel effect or a defect in the DW results. ‘

There are a.number of cases of serious conflict between DW calculations
and the Ay measurements for states of known spin bpt which are weakly excited.
Figure 6 contains several examples of these discrepancies. Here it is seen
that the 7/2% member of the 3/2*1411] band is poorly fit by DW predictions in
both 153Fm and 165Ho whereas this spin is well described for the 5/2+[”13]
Nilsson orbital in 165Ho. This latter state is relatively strong with a peak
cross section of « 120 ub/sr as compared to the anodalous shape states with «
20 wb/sr, The differential cross section on these latter states are also
'poorly fit so it is difficult to state whether the observed cross section is

in agreement with single step Nilsson model predictions. These states, and
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lyzing powers in the (E,u) reaction. tion of neutron number.

there are other 7/2% and 9/2% states throughout the rare earth nuclei exam-
ined, are clear examples of coupled channel effeccts and warrant a serious
effort by nuclear reaction theorists to explain their behavior. Presumably,
the principal multistep channel would be through the strong inelastic quad-
rupnle state followed by a single proton transfer to one of the strong Nilsson
orbitals. ,
. An example of the systematic behavior of certain Nilsson levels as pre-
pared by D. Burke is shown in Figure 7. Here proton states originating in the
d5/2 shell model orbital are traced as a function of neutron number for ¥m and
Eu isotopes. It is clear from this that the neutrons play the major deforma-
tion inducing role as both elements follow similar patterns when crossing the
transition region at N = 90. These are the only three Nilsson orbitals origi-
nating from the dS/Z orbital. It is planned to extend these systematics
throughout the deformed region.

A final example of the use of the (t,u) reaction in determining nuclear
level schemes is in the actinide region vwhere the reactions 23“U and 2!“‘Pu
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Figure 8. Analyzing powers for
several levels séen in the
23“0(%,6)233Pa reaction. ‘The solid
lines are DW calculations ar ( the
dashed lines are empirical fits to
the lead results of Figure 2.

(t,q) to 233py and 2"3up has been conm-
pleted‘a). This region is more complex
than the rare earth's because of a
higher level density, lower cross sec-
tions, and a larger degeneracy in pos-
sible spin values. Figure 8 is an
example of a selection of analyzing
powers to various states in 233Pa. The
data are compared to DW calculations
208, (%,0),

the latter assuming that these arise

and empirical shapes from

from a crossing of the Z = 82 shell due
to deformation. Reasonable success is
seen in describing these states and tne
technique has been used to investigate

the previously unknown nucleus 2u3Np.

IV, he (T actio

As mentioned above, the (t,d)
reaction has a number of excellent
attributes for the measurement of neu-
tron singlé particle states and in scme
cases offcrs advantages over the (d,p)
reactioﬁ. In particular,.the (t.,d)
reaction is well described by DW calcu-
lations, has an excellent diffractive
strnccure in light to medium weight
nuclei and excites higher angular
momentum states more strongly than the
(d,p) reaction. Recently, we have
examined the (E,d) reaction on targets
of 58’6“Ni to investigate the useful-
ness of measurements of A, in obtaining

12)

nuclear spins The resulting Ay

values for the p and f orbitals are shown in Figure 9 where they are compared
to DW calculations, Reasonable agreement is found with these calculations



except for the 7/2" state which represents only a small fraction of the f7/2
strength approximately seven MeV removed from the single particle centroid.
These data show rapid oscillations with clear spin determinations ‘over the
range of angles examined. It may be pointed out that this angular range is
only one half of that required to obtain similar information in the (E,p)
reaction at comparable energies; the period of the (.E,d) Ay values is 20°
versus 50° for the (a;p). This makes the experimental measurements somewnhat
simpler. In genreral, the Ay structure is sufficient to obtain j and &, the
exception being very weak states such as the 7/2° which may well have multiple
step contributions oeccurring. In all cases in SgNi, the analysis of Ay meas-
urements agreed with known spin values.

In the 65Ni situation, there are a number of spins unknown in the low
lying levels and several additional ambiguities exist. Initial (d,p) data‘g)
had suggested that a major fraction of the 9/2% strength comes rapidly down in
excitation energy as a function of N; however, recent subcouloamb stripping
data disputes thiszo). This rapid lowering of the 39/2 strength is thought to

be associated with the onset of a shape transition between N = 40 and 42 and
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Figure 9. Analyzing powers for the Figure 10. Analyzing powers for the

58“1(§,d)59N1 reaction leading to p 64

and f orbitals. The solid lines are states. The solid lines are DW calcu-

DW calculations, lations and the dashed lines empirical
. : to the data of Figure 9.

N1(E,d)%5H1 reaction for a number of

8



the recent results suggesting it does not come
down would alter this concept radically.

Figure 10 contains the A, values for six

.»:::um levels in 65N1. The data aiz compared tc DW
y"mj:::n rusﬁuhjiﬂn calculations and empirical results from the 59Ni
ﬁzl g :; iL':: %L.:x case which was shown in Figure 9. Aside from
:‘ g: ::: g: :: ; oo anticipated kinematic shifts the empirical shipes
wy e G m F e quite adequately describe a number of statez in

: :: §- :? o SRETE 65Ni pernitting definitive spin assignments. The
?§) é; :::, | g W results corroborate this interpretation. The
me ¥ aw P oA P oen level at 1013 keV does not fit either a p cr ¢

. ' orbital both in analyzing power or differential

Figure 11. A summary of cross section (not shown here). The 9/2* assizn-

6!‘Ni('t:,d)&_’Ni results mcnt suggested by Fulmer and McCarthy19), how-
compared to previous . ever, does agree wvell with these measurements and
results. suggests about 1/3 of the 89/2 strengzth has

dropred to this energy. The level at 1918 k=V
also is fit best by a 5/2% assignment with about
25% of the strength at this energy. This strongly indicates that the filling
neutron shell is inducing a nuclear deformation which brings a signifizant
fraction of the d5/2 orbital across the shell gap of « 5 MeV which sh;;ld
exist between the f-p shell and the d5/2 shell., Figure i1 sumzarizes the “Ni
results and it can be seen that the curreat (t,d) data permits the assignzent
of ten spin values below 2 MeV. The recent subcoulomdb (d,p) results also seem
to be in error in assigning spins of 3/2° and 5/2° to the 65 and 1013 keV
levels respectively. The Ay values observed for the (E,d) reaction at this
energy give sharp difrractive structure and unambiguous spin values for spins
up through 9/2+ and of reasonable spectroscopic strength (> ,02).
V. Tne (t,p) Reaction
The (t,p) reaction has long been an iwmportant tool in the study of
nuclear pairing phenomena in spite of a rather complex reaction mechanism.
Empirical analysis of a wide range of data by DW techniques using microsccpic
form ractor321)
obtained22).

complex with appreciable two step processes occurring although, in the major-

has shown that consistent spectroscopic information may Dbe

On the other hand, it is known that the reaction mechanisz is

ity of cases, these represent a constant fraction of the direct contribution

‘9



and . .us are folded into thc empirical norﬁalization. Except for strongly
deformed nuclei or very weak direct transition strength, the shape of the
differential cross section is not very influenced by two-step contributions
and the influence of such effects must be felt only in the magnitude and thus
unfolded from the empirical normalization.

As discussed above, a measurement of Ay for the reaction of interest
increases the sensitivity of the ecxperiment to details of the nuclear struc-
ture. In the case of two nucleon transfer reactions this aspect may be
used for a further study of the influence of two step processes. A series of
studies involving the (E,p) reaction has been carried out for this purpose.

Figures 12 and 13 show several results for spherical nuclei and reason-

902:, 20st(t,p) reactions as examplesa). In ¢4

ably strong states using the
Zr case it is wvorth noting that similarity between Ay results for the two 0%
states as well as the three 2 states. This similarity is significant in view
of the fact that these states have substantially different wave functions; the
935 keV is dominated by d5/22 (0.910 amplitude) whereas the 2070 keV is a mix-
ture of d5/22 and d5/151/2 (-0.32 and 0.52 amplitudes). Wave functions con-
taining these amplitudes have been used to provide a reasonable description of
the (t,p) eross sectionsz3). Ve shall return to the Zr case below where the
similarity in Ay results will have significant heaning.

The lead results of Figure 13 are reasonably well described by the DWBA
for lower L-transfers as was the Zr case. The larger L-transfers show increas-
ing deviation of the Ay data from polarization predictions and this is not
understood. Certainly, there is a decreased probability for inelastic chan-
nels éontributing to the reaction as compared to the low-lying 2* and u*
states. The addition of consecutive particle transfer on a two step prcaess
may improve the fit to these data although this has not been tried. It wouid
.be a nice success for such theories tohimprove the description of Ay for 6%
and gt states in particular as these are relatively pu}e 59/2)J2 states.

The nickel isotopes offer an example of romewhat more collective behavior
although still not well deformed. As mentioned above, the rapid descent as a
function of neutron number of the 39/2 and d5/2 orbitals is an indication of
at least a tandency towards deformation and the resulting increased collectiv-
ity. Previous examination of this region for coupled channel effects involv-
ing excitation of wunnatural parity states which are forbidden in a direct
process has been reported by Boyd, Alford et al.g). Such data show a large

sensitivity to the nuclear structure of the excited states. More recently

10
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90, .+ 92 . . 208 _ .+ 210 .
Zr(t,p)” Zr reaction. The solid Pb(t,p)” "Pb reaction. The solid
curves are DW calculations. curves are DW calculations.
Alford, Boyd et a.l.w)

have measured Ay for the natural parity states and sone
of these results are shown in Figure 14. A judicious choice of optical model
parameters permits an excellent fit by single step DW calculation to the
ground state transitions as seen in this figure. However, the 2% states are
not as well described with a phase difference between data and calcuiation
noted as well as a disparity in magnitude at back angles. This disparity
becones worse with increasing neutron number; the collectivity of this 2t is
also increasing with neutron number. The data can be better described by
" allowing consecutive particle transfer through the (t‘:,d) (d,p) channel as the
calculapion labeled CCBA in Figure 15 indicates. However, the more expected
inelastic channel had no effect on the shape of the analyzing power. Azain
the Ay shapes indicate a great senSitivity to nuclear structure and the mor:s
complex CCBA calculations are able to describe the Ay features. In this case
the calculation which best describes the data was not the expected one.

Quite recently Yagi et a1.3)

have utilized this sensitivity of the two
nuclear transfer Ay values to explore the effects of the filling of the neu-
tron shell betwween N = 50 and 82, They have observed a change in the sign of

the analyzing power for the (-r;.t) reaction for the 1lowest 2% which occurs - .

"
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for the 6uN:L(tT,p) Ni(2,+) transition.

states. The solid curves are DW calcu-
lations and the dashed curves are CCBA
calculations. )

between the Pd and Te nuclei. They interpret this result as an interference
between the direct transfer and the two step channel through the inclastic
excitation of the 2%.

the forward and backward amplitudes changes,

Because of the filling neutron shell, the importance of
as do the U and V factors,
between Pd and Te and the interference goes from constructive to destructive,

These authors3)

suggest thap this effect 1is résponstble completely for the
experimental Ay sign ohange:’

The inverse reaction, (t,p), has now also been cmployed on the Pd and Te
_nuoléi and combined with the Zr results discussed above. Results of A for
the ground state and lowest 2* for targets of 106Pd {ind 126 shozn in
Figure 16. Also shown are single step DW calculations employing a d5/22
factor and standard optical model potentials (a different potential family
then employed in rerorencee) It ia worth noting that the 2*
oross se..‘'ons decrease with increasing neutron number being in the ratio of
1.0:0.00:0.015 for the %zr, '%%pd and '267¢ targets respectively. This is
~ opposite to the trend in the (p,t) data und perhaps indicating the relative
roles of orbitals above and below the Fermi surface.

Te are

form

is used here).

The Ay data show sharp



. . diffraction structure for the g.s.
0' TRANSITIONS ) 2| TRANSITIONS

04— AN e o | transitions which are typical of L = 0
transfers. The DW fit to these¢ data

show an extreme sensitivity to the pro-
ton optical potential and the real well
depth has been adjusted by + 3 MeV in
all three cases to give the correct
period. The L = 0 data are well repro-
duced by these DW fits even in the de-
tails of shifting minimum with mass and
the gradual dissappe-rance of the for-
ward angle minioum. The DW c¢alcula-
tions are averaged over the Q3D solid

angle. These results illustrate that

' S R

© 2 40 o single step DW results quite adequately

é‘m.(doo) -
, : _ describe the dominant (t,p) transitions.
Figure 16. Analyzing powers for the The transitions to the 2% states
gOZr, 106Pd, 126Te('€,p) reaction show a rapidly .changing structure for
leading to the g.s and 2,* states. A, as a function of increasing neutron

y
The solid curves are DW calculations. number. However, contrary to the (p,t)

results, the single step DW calculation

reproduces most of these variations.
Thus in the case of the (I,p) Ay data the interference between direct and in-
elastic channels is not evident. Naively, one would have expected én opposite
effect for the (t,p) from that of the (p,t). However, one must take into
account the relative direct two-nucleon transition strength of the various
orbitals. The (p,t) rcaction has asccess to the sy/p orbital which lies below
the Fermi surface near A = 110 * 120 and carries a large intrinsic direct
strength. Only a small fraction of this strength is' available to the (t,p)

reaction except at smaller A near 90

2r. This could explain the larger discrep-~
ancy with the DW calculation seen here although here the 2% is not as collec-
tive. It remains yet to do the complete rpa calculation with coupled channel

calculation as described in rarerence3) for the (t,p) reaction to see if the

above conjectures regarding the Jmportance of various orbitals is correct.
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Vi. Conclusions

Althoggh the poiarized triton beam has been in existence for only a short
time, it has proved to be extremely successful in the study of nuclear phenon-
ena. *A'considerable wealth of data now exists on proton hole states through
the (t,a) reaction and similar results are now being obtained for neutron
particle states from the ('f,d) reaction. The (.{,p) reaction is also being
used successfully to provide detailed checks on reaction mechanisms and as a
sensitive check on nuclear wave functions. Additional measurements of the
(z,t') and (E,3He) reaction are also underway.

The author is grateful to P. Alford, R. Boyd, R. Brown, D. Burke, J.
Cizewski, D. Hanson, R. Hardekopf, G. Lovhoiden, E. Sugarbaker and J. Sunier
for excellent collaborations in various aspects of this program. This work
has been performed under the auspices of the U.S. Department of Energy.
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